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(54) Control of a NOx reductant delivery system 

(57) A method is disclosed for controlling the deliv- 
ery of compressed air and a reductant for oxides of ni- 
trogen to a mixer (1 08) from which the air/reductant mix- 
ture flows through a nozzle (110) and into an exhaust 
gas created by a combustion engine (92). A control sig- 
nal provided to an air compressor (112) is varied as the 
exhaust gas pressure changes to maintain a predeter- 
mined differential pressure across the nozzle. The de- 



sired flow rate of reductant into the exhaust gas is cal- 
culated based upon the engine speed, engine load, cat- 
alyst temperature, and gas space velocity flowing 
through the catalyst. A reductant control signal, based 
upon the calculated reductant flow rate, is provided to a 
metering pump (1 04) that delivers the reductant into the 
mixer. Calculations of the reductant control signal take 
into account the air pressure that the reductant pump 
sees inside the mixer. 
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Description 

[0001] The present invention relates to methods for 
controlling the delivery of a reductant for oxides of nitro- 
gen and compressed air to an exhaust gas produced by 
a combustion engine. 

[0002] Nitrogen monoxide and nitrogen dioxide, col- 
lectively referred to as oxides of nitrogen or "NO x ", are 
commonly cleaned from the exhaust gases produced by 
internal combustion engines using catalysts. In addition 
to removing NO x , these catalysts also remove unburned 
hydrocarbons (HC) and carbon monoxide (CO). When 
the engine is operated with a lean air/fuel ratio, the cat- 
alyst is efficient at removing the HCs and COs because 
of the extra oxygen in the exhaust gas. However, the 
extra oxygen tends to inhibit the removal of NO x . Con- 
versely, when the engine is operated with a rich air/fuel 
ratio, NO x removal efficiency of the catalyst is increased 
but the HC and CO removal efficiency is decreased. 
[0003] Designers have focused their attention in the 
past several years to an approach of mixing a reductant 
with the exhaust gas upstream of the catalyst. The pres- 
ence of the reductant in the catalyst improves the NO x 
reduction efficiency. Furthermore, this improvement can 
be made in the presence of excess oxygen output from 
a lean burning engine, including diesel engines. For 
good NO x reduction efficiency, it is necessary that the 
reductant be thoroughly mixed with the exhaust gas. 
Two methods have been used to atomise a fluid reduct- 
ant, pumping the fluid through a spray nozzle, and in- 
jecting the fluid into a stream of compressed air that is 
sprayed into the exhaust gas. 

[0004] U.S. Patent 5,645,804, issued to Sumiya et al. 
on July 8, 1997, discloses three embodiments of a sys- 
tem that mixes a hydrocarbon reductant with the ex- 
haust gas. In the first embodiment, a compressed air 
source pumps air into the exhaust gas by way of a fun- 
nel-shaped nozzle situated in the exhaust pipe. The re- 
ductant, in liquid form in a storage tank, is drawn into 
the funnel-shaped nozzle by the venturi effect. Control 
of the reductant flow rate is achieved by controlling the 
pressure inside the storage tank, controlling the pres- 
sure of the compressed air, or by controlling the flow rate 
of the compressed air. Reductant atomisation is provid- 
ed by the reductant entering the compressed air stream 
inside the funnel-shaped nozzle. Consequently, atomi- 
sation effectiveness varies with the speed of the air flow 
in the funnel-shaped nozzle. 

[0005] In the second embodiment disclosed by Sum- 
iya et al., the hydrocarbon reductant is pumped directly 
from its storage tank into a spray nozzle situated inside 
the exhaust pipe. Control of the reductant flow rate is 
provided by a throttle valve. Atomisation is provided by 
the tip of the nozzle. 

[0006] The third embodiment disclosed is similar to 
the second embodiment with the addition of com- 
pressed air injected into the reductant just prior to the 
spray nozzle. 



{ , 
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[0007] In both the second and third embodiments, the 
effectiveness of the reductant atomisation varies with 
changes in the pressure differential across the tip of the 
nozzle. 

5 [0008] The present invention provides a method for 
controlling an air source and a reductant source that de- 
livers compressed air and a reductant respectively to a 
mixer. From the mixer, the compressed air's pressure 
forces the reductant through a nozzle and into an ex- 

io haust gas at a position upstream from a catalyst. The 
present invention provides a reductant control signal to 
the reductant source causing a calculated quantity of re- 
ductant per second to be delivered to the mixer. An air 
control signal is provided to the air source causing the 

15 compressed air pressure to be a predetermined value 
above the exhaust gas pressure. Maintaining a constant 
differential pressure across the nozzle provides good re- 
ductant atomisation under all engine operating condi- 
tions. 

20 [0009] Control of the air source is performed in 
closed-loop. A differential pressure error value is de- 
rived from an actual differential pressure across the noz- 
zle and the predetermined nozzle differential pressure. 
Next, this differential pressure error value is transformed 

25 into the air control signal. Transformation may include 
integral and proportional terms. To limit oscillations, the 
transformation could range from slightly underdamped 
to overdamped anchor provide a deadband around a ze- 
ro error for the differential pressure error value. 

30 [0010] The reductant source control method calcu- 
lates the desired reductant flow rate based upon the en- 
gine speed, engine load, catalyst temperature, gas 
space velocity flowing through the catalyst and the air 
pressure inside the mixer. The desired reductant flow 

35 rate is then transformed into the reductant control signal. 
This transformation may be accomplished in two steps. 
In the first step, the reductant control signal is calculated 
assuming that the reductant source sees a predeter- 
mined reference pressure inside the mixer. In the sec- 

40 ond step, the reductant control signal is adjusted up or 
down based upon the actual air pressure inside the mix- 
er being higher or lower than the predetermined refer- 
ence pressure respectively. 

[001 1 ] Alternative embodiments of the present inven- 
^5 tion Include failure detection and correction methods. 
Detectable failures include the air supply's inability to 
produce the necessary compressed air pressure, and a 
clogged nozzle. These failures are detected by the air 
control signal and the actual nozzle differential pressure 
50 passing through respective thresholds in opposite direc- 
tions. Failure corrections may includes outputting a fail- 
ure signal, stopping the flow of reductant to the mixer, 
and stopping the flow of the air stream to the mixer 
[0012] Accordingly, it is an object of the present inven- 
55 tion to provide a method for controlling delivery of com- 
pressed air to a nozzle to maintain a constant differential 
pressure across the nozzle, and control delivery of a re- 
ductant for oxides of nitrogen into the nozzle such that 
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a calculated flow rate of the reductant is sprayed through 
the nozzle into the exhaust gas created by a combustion 
engine. 

[0013] This and other objects will become more ap- 
parent from a reading of the detailed specification in 
conjunction with the drawings. 

Figure 1 is partial drawing of the hardware that the 
present invention controls; 

Figure 2 is a flow diagram of a method for controlling 
the air source; and 

Figure 3 is a flow diagram of a method for controlling 
the reductant source. 

[0014] An example hardware configuration of an ox- 
ides of nitrogen (NO x ) reductant delivery system is 
shown in Figure 1 . This hardware configuration is used 
to help explain the method of control defined by the 
present invention and should not be considered a limi- 
tation of the present invention The first major component 
of the system is a reductant source 100 consisting of a 
reservoir 1 02 and a metering pump 1 04. The reservoir 
102 holds the NO x reductant used in the system. The 
motoring pump 1 04 pumps the NO x reductant out of the 
reservoir 1 02, through line 1 06, and into a mixer 1 08 at 
a variable flow rate. From the mixer 108, the mixture of 
NO x reductant and compressed air is sprayed through 
a nozzle 110 into a stream of exhaust gas inside an ex- 
haust pipe 90. The nozzle 1 1 0 is located in the exhaust 
pipe 90 at a position downstream from an engine 92 and 
upstream from a catalyst 94. 

[001 5] Another major component of the system is an 
air source that consists of an air compressor 112. Air 
compressor 112 provides compressed air, through line 
1 14 and into the mixer 1 08 at a predetermined pressure 
above the exhaust gas pressure inside the exhaust pipe 
90. Inside the mixer 1 08, the compressed air mixes will 
with the reductant. From the mixer 108, the mixture of 
compressed air and reductant forces through the nozzle 
110 into the exhaust pipe 90. The pressure exerted on 
the reductant by the compressed air as they pass to- 
gether through the nozzle 110 provides excellent atom- 
isation of the reductant as it is sprayed into the exhaust 
pipe 90. 

[001 6] A reductant control signal 11 6 for the metering 
pump 1 04 and an air control signal 1 1 8 for the air com- 
pressor 112 are provided by a microprocessor based 
engine control unit (ECU) 120. These control signals 
116 and 118 allow the ECU 120 to change the speed 
and thus the output flow rate and output pressure pro- 
vided respectively by the metering pump 104 and air 
compressor 112. 

[0017] In the preferred embodiment, each of these 
control signals 116 and 118 is in the form of pulse-width 
and/or frequency modulated electrical power. By vary- 
ing the frequency or pulse width, the speed of the me- 
tering pump 104 and air compressor 112 can be varied. 
An advantage of this approach is that only the minimum 



4 

necessary power to achieve the desired pressures and 
flow rates is consumed in the air compressor 112 and 
metering pump 104. Other forms of control signals and 
other types of air compressors and metering pumps are 

5 well known in the art and may be used within the scope 
of the present invention. For example, the air compres- 
sor 112 and metering pump 104 could be operated at 
the maximum required pressure and flow rate at all 
times. Control would then be provided with throttle 

10 valves inserted in lines 114 and 106 respectively to de- 
crease the pressures and flow rates to the desired val- 
ues. 

[0018] In the preferred embodiment, the ECU 120 has 
at least six inputs that it uses to determine the reductant 

15 control signal and the air control signal. An engine speed 
signal 122 and an engine load signal 124 provide the 
ECU 1 20 with information aboutthe engine 92 operating 
condition. A catalyst temperature signal 126 and gas 
space velocity signal 128 of the gas flowing through the 

20 catalyst 94 provide the ECU 1 20 with information about 
NO x reductant conditions within the catalyst 94. A dif- 
ferential pressure sensor 130 provides a differential 
pressure signal 132 that indicates the pressure differ- 
ence between the air compressor 112 output pressure 

25 and the exhaust pipe 90 internal pressure. Differential 
pressure signal 1 32 is substantially and indication of the 
differential pressure seen across the nozzle 110. Finally, 
a mixer absolute pressure sensor 1 34 provides the ECU 
1 20 with the absolute pressure signal 1 36 that indicates 

30 the pressure that exists inside the mixer 108. 

[0019] A flow diagram for a sequence that generates 
the air control signal is shown in Figure 2. The sequence 
starts with initialisation of the air control signal 11 8. The 
air control signal 118 has a time dependent value of P air 

35 (t). Air control signal 118 may be initialised to an antici- 
pated steady state value, near mid-value, or any other 
value. Care must be taken in the selection of the initial 
air control signal to avoid triggering one of the failure 
conditions (described later) while the air compressor 

40 112 is starting. 

[0020] The next step in the sequence is to determine 
the actual differential pressure p1(t) across the nozzle 
110, as shown in block 202. In the preferred embodi- 
ment, the actual differential pressure p1 (t) is determined 

45 by measuring the differential pressure signal 132 from 
the differential pressure sensor 130. The differential 
pressure signal 132 may be read continuously or peri- 
odically when determining the actual nozzle differential 
pressure p1(t). 

so [0021] Failure conditions are checked for next, as 
shown in decision blocks 204 and 206. Decision block 
204 checks for a failure of the air compressor 1 1 2 to pro- 
vide adequate pressure to the mixer 108 and nozzle 
11 0. A failure, the YES branch of decision block 204, is 

55 detected when the actual differential pressure p1(t) 
across the nozzle 110 is less than a minimum nozzle 
differential pressure threshold (thr-p1 -min) while the val- 
ue P air (t) of air control signal 118 is above a maximum 
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air control signal threshold (thr-P alr -max). Typical val- 
ues, but not necessarily the only values, for thr-p1-min 
and thr-Pair-max are 2 pounds per square inch(PSI) and 
36 watts respectively, depending upon the size of the air 
compressor 112. In other words, the actual differential 
pressure p1 (t) being produced across the nozzle 1 1 0 by 
the air compressor 1 1 2 is disproportionately low for the 
amount of power being supplied to the air compressor 
112. 

[0022] Decision block 206 checks for a blockage in 
the nozzle 11 0. A blockage, the YES branch of decision 
block 206, is detected when the actual differential pres- 
sure p1(t) across the nozzle 110 is above a maximum 
nozzle differential pressure threshold (thr-p1 -max) while 
value P ajr (t) of the air control signal 1 1 8 is below a min- 
imum air control signal threshold (thr-P ajr -min). Typical 
values, but not necessarily the only values, for thr- 
p1-max and thr-P ajr -min are 10 PSI and 4 watts respec- 
tively. In other words, the actual differential pressure p1 
(t) being produced across the nozzle 1 1 0 by the air com- 
pressor 112 is disproportionately high for the amount of 
power being provided to the air compressor 112. 
[0023] When either or both failures are detected, the 
ECU 120 sets the values P^t) of the air control signal 
118 and the value P met er W of tne reductant control sig- 
nal 1 1 6 to zero values, and outputs a failure signal 1 38, 
as shown in block 208. Setting the value P ajr (t) to a zero 
values stops the flow of compressed airto the mixer 1 08 
since the compressed air is not reaching the exhaust 
pipe 90 anyway. Setting the value PmeterW to a zero va, ~ 
ue avoids an unsafe condition of having the reductant 
being pumped to someplace other than through the noz- 
zle 1 1 0. Otherfailure conditions, such as a lower volume 
of reductant in the reservoir 102 and the like, may be 
employed to stop one or both of the air compressor 112 
and metering pump 104, and generate the failure signal 
138. 

[0024] If no failures are detected, the sequence con- 
tinues with a calculation of a differential pressure error 
value err(t) as a function of time, as shown in block 210. 
The differential pressure error value err(t) is the differ- 
ence between the actual nozzle differential pressure p1 
(t) and a predetermined nozzle differential pressure set 
point plsp. Typical values for plgp range from 5 to 10 
pounds per square inch (PSI). Higher and lower values 
may be used depending upon the characteristics of the 
nozzle 1 1 0, the reductant, and the degree of atomisation 
required. A lower limit of greater than zero PSI is re- 
quired to force the compressed air and reductant out of 
the nozzle 110. At the high pressure end, approximately 
15 PSI appears to be a practical upper limit to apply 
across the nozzle 110. 

[0025] The differential pressure error value err(t) is 
then used to calculate an internal air control signal P alr ' 
(t), as shown in block212. In the preferred embodiment, 
internal air control signal P ajr * (t) is calculated by the 
equation: 



p air* (0 = V 6rr (t) + JKj*err(t) dt 

[0026] Proportional term K p *err provides a scale fac- 

5 tor that allows large differences between the predeter- 
mined nozzle differential pressure pl^ and the actual 
nozzle differential pressure p1 to be closed rapidly. In- 
tegral term jK*err dt is provided in the calculation to per- 
mit the differential pressure error value err(t) to be driven 

10 to zero PSI while still providing for a non-zero internal 
air control signal P ajr ' (t). Values for K p and Kj are chosen 
to produce a critically damped, over damped, or slightly 
underdamped control loop. Severely under damped 
conditions are undesirable as they result in large oscil- 

15 lations in both the air compressor 112 and metering 
pump 104. In the preferred embodiment, Kp has a value 
of zero and Kj has a value of 0.3. In an alternative em- 
bodiment, the differential pressure error value err(t) may 
undergo a deadband transformation prior to the calcu- 

20 lation of P alr * (t). The deadband is positioned around ze- 
ro error and helps prevent the control loop from oscillat- 
ing around zero error. 

[0027] Internal air control signal P alr ' (t) is then used 
to generate the value P ajr (t) of the air control signal 118 

25 output from the ECU 1 20 to the air compressor 1 1 2, as 
shown in block 214. In the preferred embodiment, P alr 
(t) is pulse width modulated electrical power having a 
pulse width proportional to the internal air control signal 
P^/ (t). Other types of transformations from P alr ' (t) to 

30 P ajr (t) may be used to accommodate other hardware 
configurations in the air supply system. 
[0028] A flow diagram for a sequence that generates 
the reductant control signal 116 is shown in Figure 3. 
The sequence starts with initialisation of the value P me ter 

35 (t) of air control signal 11 6, as shown in block 300. Typ- 
ically the initial value for Pmeter (t) is zero to avoid any 
reductant entering the exhaust pipe 90 until after the en- 
gine operating conditions and catalyst conditions are 
known. Alternatively, a non-zero initial value may be 

40 used that assumes engine and catalyst conditions. 
[0029] The next step in the sequence is a determina- 
tion of the engine speed, engine load, catalyst temper- 
ature, a gas space velocity of the gap flowing through 
the catalyst 94, and the absolute pressure in the mixer 

45 1 08, as shown in block 302. Engine speed and engine 
load are read from sensors (not shown) normally con- 
nected to the ECU 120, or sending their signals thereto. 
The catalyst temperature is an average temperature of 
the catalyst material inside one or more catalysts 94 

so downstream from the nozzle 110. The catalyst temper- 
ature may be measured directly by one or more temper- 
ature sensors (not shown) embedded within the catalyst 
94, or implicitly based upon a measured temperature of 
the exhaust gas entering and/or exiting the catalyst 94. 

55 The gas space velocity of the gas flowing through the 
catalyst 94 is provided by a sensor (not shown) either 
immediately upstream of, or inside the catalyst 94. Gas 
space velocity may also be inferred from the engine 
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speed and engine load. The mixer pressure is measured 
by a mixer absolute pressure sensor 134. In alternative 
embodiments, the mixer pressure may be determined 
by other means such as by calculation based upon the 
air control signal 118, an absolute pressure sensor 
measuring the output pressure of the air compressor 
1 12, an exhaust gas pressure measurement, orthe like. 
[0030] In block 304, the ECU 120 uses values of the 
engine speed signal 122, engine load signal 124, cata- 
lyst temperature signal 126 and the gas space velocity 
signal 128 to calculate the quantity of reductant as a 
function of time, or flow rate, that should be sprayed into 
the exhaust gas to help reduce the NO x emissions. The 
exact equations or lookup tables used in this calculation 
are dependent upon the engine type and catalyst type, 
intended operating temperatures type of reductant, and 
the like. For an automobile engine, the preferred reduct- 
ant is urea or ammona although any other type of liquid 
orgaseous hydrocaroon r eductrtnt may be used. Typical 
reductant flow rates fringe from zero to 40 grams per 
second. ECU 1 20 calculations of the desired reductant 
flow rate may include a limiting function that prevents 
flow rates of greater that 40 grams per second to avoid 
a failure mode where an excessive amount of reductant 
is introduced into the exhaust gas stream. Higher flow 
rates and limits may be permitted if required to reduce 
the NO x emissions to an acceptable level. 
[0031] In block 306, the ECU 120 calculates an inter- 
nal control signal P me ter # (0 as a function of time based 
upon the required reductant flow rate and the mixer 
pressure. This calculation may be performed in one or 
more steps using equations, lookup tables, or the like. 
In the preferred embodiment, the calculation is per- 
formed in two steps. A intermediate reductant control 
signal P mete r" W ls generated based upon the desired 
reductant flow rate and an assumed reference load 
pressure seen by the metering pump 1 04 looking into 
the mixer 1 08. The intermediate reductant control signal 
P meter "(t) is then adjusted based upon the actual mixer 
pressure loading the reductant source 1 00 to produce 
the internal reductant control signal P me ter' (0- lf tne ac- 
tual mixer pressure is greater or less than the assumed 
reference load pressure, then the internal reductant 
control signal P mete r (t) is increased or decreased re- 
spectively. This adjustment is made to produce the prop- 
er reductant flow rate into the mixer 108 regardless of 
the actual pressure inside the mixer 108. 
[0032] The internal reductant control signal P me ter 

(t)is 

then transformed into the reductant control signal P met er 
(t) and output by the ECU 120 to the metering pump 1 04, 
as shown in block 308. In the preferred embodiment, the 

reductant control signal P^terW is a P u,se widtn and/or 
frequency modulated power having a pulse width propor- 
tional to the internal reductant control signal P mete r (t) . 
As with the air control signal P alr (t), other types of trans- 
formations from P met er' W to PmeterW mav be used to ac- 
commodate other hardware configurations in the reduct- 
ant supply system. 



10 



15 



20 



[0033] Preferably the compressed air is pumped into 
the mixer 108 on a continuous basis. The quantity of 
reductant is determined by engine operating conditions 
and thus may be injected on a continuous basis or cy- 
cled on and off to control the time-average flow rate of 
reductant into the exhaust gas. 

[0034] Conditions in the engine and catalyst change 
continuously, and control of the differential pressure 
across the nozzle 104 is closed-looped, therefore sam- 
pling rates of the inputs, delays introduced by the cal- 
culations, and update rates for the outputs must be kept 
relatively short. A typical periodic rate for executing the 
sequences shown in Figure 2 and Figure 3 in an average 
automotive setting is approximately once per second. 
Longer periods may be used, but will result in a delay 
between a change in the need for the reductant in the 
exhaust pipe 90 and its actual delivery. Shorter periods 
may also be used at the expense of microprocessor re- 
sources consumed in the ECU 1 20. A reasonable min- 
imal period is approximately 16 milliseconds. At this 
rate, the air control signal 118 and reductant control sig- 
nal 11 6 are updated approximately once with every rev- 
olution of an engine operating at 4,000 revolutions per 
minute. 

[0035] Other variations of hardware may be used 
within the scope of the present invention. For example, 
the differential pressure sensor 130 may be a exhaust 
absolute pressure sensor measuring only the pressure 
of the exhaust gas in the exhaust pipe 90. To determine 
the differential pressure across the nozzle 110, the ECU 
120 would be required to perform an extra calculation 
to subtract the output from the exhaust absolute pres- 
sure sensor from that of the mixer absolute pressure 
sensor 134. In another example, the functions per- 
formed by the microprocessor within the ECU 120 could 
be replaced by discrete circuitry that functions on a con- 
tinuous basis rather than periodically. 



40 Claims 



A method of controlling an air source (112) and a 
reductant source (102) to deliver compressed air 
and reductant respectively to a mixer (1 08), for sup- 
ply through a nozzle (110) into an engine exhaust 
gas upstream (90) from a catalyst (94), the method 
comprising: 



25 



30 



35 



45 



50 



55 



maintaining an approximately constant prede- 
termined differential pressure across the noz- 
zle (110); 

calculating a desired reductant flow rate in re- 
sponse to engine (92) and catalyst (94) condi- 
tions; and 

controlling a flow rate of the reductant to pro- 
duce the desired reductant flow rate calculated. 

2. The method of claim 1 further comprising: 
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detecting at least one failure; and 

stopping the flow of the reductant In response 

to detecting the at least one failure. 

The method of claim 2 further comprising stopping 5 
the flow of the compressed air In response to de- 
tecting the at least one failure. 

The method of claim 1 wherein maintaining an ap- 
proximately constant predetermined differential 10 
pressure across the nozzle comprises: 

determining an actual nozzle differential pres- 
sure across the nozzle; 

calculating an internal air control signal based 15 
upon the actual nozzle differential pressure and 
the constant predetermined differential pres- 
sure; 

transforming the internal air control signal into 
an electrical power in response to calculating 20 
the interna! air control signal; and 
outputting the electrical power to the air source 
in response to transforming the internal air con- 
trol signal into the electrical power, to produce 
approximately the constant predetermined dif- 25 
ferential pressure. 

The method of claim 1 wherein controlling the flow 
rate of the reductant comprises: 

30 

calculating an internal reductant control signal 
in response to calculating the desired reductant 
flow rate: 

transforming the internal reductant control sig- 
nal into an electrical power in response to cal- 35 
culating the internal reductant control signal; 
and 

outputting the electrical power to the reductant 
source in response to transforming the internal 
reductant control signal, to produce the desired 40 
reductant flow rate. 

The method of claim 5 further comprising: 

determining a pressure inside the mixer; and 45 
adjusting the internal reductant control signal in 
response to the pressure inside the mixer. 

A method of controlling an air source and a reduct- 
ant source that deliver compressed air and a reduct- so 
ant respectively into a mixer, through a nozzle, and* 
into an exhaust gas at a position upstream from a 
catalyst, the method comprising: 

providing a predetermined nozzle differential 55 
pressure set point; 

determining an engine speed, an engine load, 
a temperature of the catalyst, a gas space ve- 



locity flowing through the catalyst, an actual 
nozzle differential pressure existing across the 
nozzle, and a load pressure seen by the reduct- 
ant source; 

calculating a differential pressure error value 
equalling a difference between the predeter- 
mined nozzle differential pressure set point and 
the actual nozzle differential pressure in re- 
sponse to determining the actual nozzle differ- 
ential pressure; 

calculating an air control signal based upon and 
in response to calculating the differential pres- 
sure error value; 

outputting the air control signal to the air source 
in response to calculating the air control signal, 
to drive the differential pressure error value to- 
ward zero; 

calculating a desired reductant flow rate for the 
reductant based upon and in response to de- 
termining the engine speed, the engine load, 
the temperature of the catalyst the gas space 
velocity flowing though the catalyst; 
calculating a reductant control signal based up- 
on the desired reductant flow rate and the load 
pressure seen by the reductant source in re- 
sponse to calculating the desired reductant flow 
rate and determining the load pressure seen by 
the reductant source; and 
outputting the reductant control signal to the re- 
ductant source in response to calculating the 
reductant control signal, to direct an actual flow 
rate of the reductant to be approximately equal 
to the desired reductant flow rate. 

8. The method of claim 7 further comprising stopping 
delivery of the reductant into the mixer in response 
to the actual nozzle differential pressure falling be- 
low a minimum nozzle differential pressure thresh- 
old and the air control signal exceeding a maximum 
air control signal threshold. 

9. The method of claim 7 further comprising stopping 
the delivery of the compressed air into the mixer in 
response to the actual nozzle differential pressure 
falling below a minimum nozzle differential pressure 
threshold and the air control signal exceeding a 
maximum air control signal threshold. 

10. The method of claim 7 further comprising stopping 
delivery of the reductant into the mixer in response 
to the actual nozzle differential pressure exceeding 
a maximum nozzle differential pressure threshold 
and the air control signal falling below a minimum 
air control signal threshold. 

11. The method of claim 7 further comprising stopping 
delivery of the compressed air into the mixer in re- 
sponse to the actual nozzle differential pressure ex- 
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ceeding a maximum nozzle differential pressure 
threshold and the air control signal falling below a 
minimum air control signal threshold. 

12. The method of claim 7 wherein calculating the air 5 
control signal further comprises calculating an inte- 
gral term of the air control signal based upon the 
differential pressure error and time, the integral 
term allowing the differential pressure error value to 

be driven to zero. 10 

13. The method of claim 7 wherein calculating the air 
control signal further comprises calculating a pro- 
portional term of the air control signal based upon 

the differential pressure error value. '5 

14. The method of claim 7 wherein calculating the air 
control signal further comprises deadbanding the 
differential pressure error value prior to calculating 

the air control signal to avoid oscillations in the air 20 
control signal as the differential pressure error value 
approaches zero. 

15. The method of claim 7 wherein calculating the re- 
ductant control signal further comprises: 25 

calculating an intermediate reductant control 
signal based upon the desired reductant flow 
rate and a predetermined reference load pres- 
sure seen by the reductant source in response 30 
to calculating the desired reductant flow rate; 
and 

adjusting the intermediate reductant control 
signal to produce the reductant control signal 
based upon the difference between the refer- 35 
ence load pressure and the load pressure seen 
by the reductant source in response to calcu- 
lating the intermediate reductant control signal 
and determining the load pressure seen by the 
reductant source. 40 
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(54) Control of a NOx reductant delivery system 

(57) A method is disclosed for controlling the deliv- 
ery of compressed air and a reductant for oxides of ni- 
trogen to a mixer (1 08) from which the air/reductant mix- 
ture flows through a nozzle (110) and into an exhaust 
gas created by a combustion engine (92). A control sig- 
nal provided to an air compressor (112) is varied as the 
exhaust gas pressure changes to maintain a predeter- 
mined differential pressure across the nozzle. The de- 



sired flow rate of reductant into the exhaust gas is cal- 
culated based upon the engine speed, engine load, cat- 
alyst temperature, and gas space velocity flowing 
through the catalyst. A reductant control signal, based 
upon the calculated reductant flow rate, is provided to a 
metering pump (1 04) that delivers the reductant into the 
mixer. Calculations of the reductant control signal take 
into account the air pressure that the reductant pump 
sees inside the mixer. 
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